Male and female strain A/J mice were exposed to a mixture of cigarette sidestream and mainstream smoke at a chamber concentration of total suspended particulates of 82.5 mg/m 3 . Exposure time was 6 h/day, 5 days/week for 5 months. The animals were allowed to recover for another 4 months in filtered air before sacrifice and lung tumor count. Male animals were fed either 0.2% N-acetylcysteine (NAC) or 0.05% phenethyl isothiocyanate (PEITC) in diet AIN-76A with 5% corn oil added. Female animals received normal laboratory chow and were given a 1.25% extract of green tea in the drinking water. Corresponding control groups were fed diets without NAC or PEITC or given plain tap water. Exposure to tobacco smoke increased lung tumor multiplicity to 1.1-1.6 tumors/lung, significantly higher than control values (0.5-1.0 tumors/lung). None of the putative chemopreventive agents (NAC, PEITC or green tea extract) had a protective effect. In positive control experiments, PEITC significantly reduced both lung tumor multiplicity and incidence in mice treated with the tobacco smoke-specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). In mice treated with three different doses of urethan and fed NAC in the diet, a significant reduction in lung tumor multiplicity was found only at one dose level. Green tea extract did not reduce lung tumor multiplicity in animals treated with a single dose of NNK. It was concluded that successful chemoprevention of tobacco smoke-induced lung tumorigenesis might require administration of several chemopreventive agents rather than just a single one.
Introduction
Tobacco smoke-induced lung cancer constitutes a major health problem. Ideally, total elimination of sale and use of tobacco products would eradicate disease associated with voluntary and involuntary smoking. There is little realistic hope that this goal can be accomplished worldwide. Chemopreventive approaches with drugs or dietary supplements designed to intervene in the carcinogenic process have become of renewed interest. Several clinical trials are currently in progress (1) (2) (3) . Possible target populations for use of chemopreventive agents might include subjects unable to quit because of severe nicotine Abbreviations: BHT, butylated hydroxytoluene; ETS, environmental tobacco smoke; MCA, 3-methylcholanthrene; NAC, N-acetylcysteine; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, NЈ-nitrosonornicotine; PEITC, phenethyl isothiocyanate; TSP, total suspended particulates. addiction, smokers who have been smoking for Ͻ10 years and former smokers that have already quit and might benefit from a further reduction in risk (4) . In addition, chemoprevention might be used to prevent the recurrence of second primary tumors in head and neck and lung cancer patients following successful treatment of the first tumor (5) . Spouses and children of heavy smokers or workers involuntarily exposed to environmental tobacco smoke at work are at increased risk (6) and might be additional beneficiaries of chemopreventive drugs or food additives.
Unfortunately, some recent attempts at lung cancer chemoprevention have suffered a setback. In two major clinical trials it was eventually discovered that the putative anticarcinogenic agent β-carotene increased, rather than decreased, lung cancer risk (7, 8) . This disappointing outcome calls for more thorough animal testing prior to clinical trials of chemopreventive agents. Preferably, testing should be done in tissue-specific tumor models (9) .
Chemopreventive agents have yet to be evaluated in an animal model of tobacco smoke carcinogenesis. Experience has clearly shown that it is difficult to produce lung tumors in experimental animals through exposure to tobacco smoke (10, 11) . Not only are such studies expensive, technically demanding and require long exposure periods, but also more often than not produce only a comparatively low incidence of lung tumors, making evaluation of the effects of chemopreventive agents difficult. Exposing animals to known carcinogenic constituents of tobacco smoke has been adopted as an alternative (12) . During the last few years, the mouse strain A/J lung tumor assay has become the preferred tool for this purpose. Numerous agents thought to prevent lung tumor formation produced by tobacco smoke carcinogens have been examined and many were found to be effective in this particular animal model (4, (13) (14) (15) .
We have recently observed that exposure of male or female strain A/J mice to a mixture of cigarette sidestream and mainstream smoke increases lung tumor multiplicity and lung tumor incidence (16, 17) . This offered the possibility of examining in animals exposed to full smoke the effects of chemopreventive agents that inhibit tumor formation induced by tobacco smoke-specific carcinogens. We now report the results obtained in experiments with phenethyl isothiocyanate (PEITC), N-acetylcysteine (NAC) and green tea extract.
Materials and methods

Animals
Male and female strain A/J mice, 6-8 weeks old, were purchased from Jackson Laboratories (Bar Harbor, ME). Upon receipt, four randomly chosen animals from each shipment were screened by the Comparative Pathology Laboratory, University of California Davis. All results were negative (no evidence for the presence of pathogenic agents, parasites or ova in pelage and cecum, negative serology findings for mouse hepatitis virus, Sendai virus, reovirus type 3, pneumonia virus, parvovirus, ectromelia and mycoplasma pulmonis). The animals were housed, four to a cage, on conventional bedding material in polypropylene cages with tightly fitting wire screen lids. Water and the test diets were provided ad libitum at all times, including during smoke exposure. The animals were observed daily and weighed weekly. Materials Kentucky 1R4F reference cigarettes were from the same source as described before (16, 17) . PEITC, NAC, urethan and corn oil were obtained from Sigma (St Louis, MO). 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) was purchased from Chemsyn Science (Lenexa, KS). Fat-free AIN-76A purified diet was purchased in powdered form from Dyets (Bethlehem, PA). Test diets containing PEITC or NAC were prepared fresh every other week by adding the appropriate amounts of the ingredients plus 50 ml corn oil/kg diet and by mixing thoroughly in a Hobart blender. All diets were stored at 4°C until use (18) . Final concentrations of the chemopreventive agents were 0.05% for PEITC and 0.2% for NAC. Decaffeinated green tea was generously provided by Thomas J.Lipton (Englewood Cliffs, NJ). Tea solutions were prepared as described by Cao et al. (19) . Boiling deionized water (2.5 l) was poured over 62.5 g green tea leaves and left to stand for 15 min. The solution was cooled to room temperature, filtered through gauze and the leaves were extracted with another 2.5 l boiling deionized water. The tea solutions were prepared fresh weekly, stored at 4°C and the bottles in the animal cages were filled on Mondays and Fridays. Experimental design Main experiment. After an acclimatization period, 10-week-old male mice were assigned at random to the following groups: 0.05% PEITC in AIN-76A or 0.2% NAC in AIN-76A containing 5% corn oil and exposed to environmental tobacco smoke (ETS) or to filtered air. Controls were fed AIN-76A with 5% corn oil alone and exposed to ETS or filtered air. After 1 week on the diets, the animals were placed, within their cages, into 0.4 m 3 stainless steel inhalation chambers or into chambers of similar size ventilated with filtered air. All chambers were kept on a 12 h light-dark cycle and controlled for temperature and humidity (Table I ). Exposure to ETS was 6 h/day, 5 days/ week. After 5 months, all mice were removed from the inhalation chambers and transferred to a conventional animal holding facility with controlled temperature and humidity (20-21°C, 40-70% humidity, 12 h light-dark cycle). Feeding of the test diets continued during the recovery period. Nine months after the beginning of the experiment, the animals were killed and the lungs prepared for tumor analysis and histopathology (16) .
For the evaluation of green tea, 10-week-old female mice were used. They were given the green tea in drinking water, in increasing concentrations from quarter strength until, after 2 weeks, they obtained the full-strength tea solution (1.25%) (19) . Exposure to ETS was for 5 months, followed by 4 months' recovery in air.
Positive controls. In order to verify the efficacy of the chemopreventive agents in our laboratory, we duplicated experimental protocols that in previous experiments had substantially reduced the multiplicity of adenomas induced by specific carcinogens. For evaluation of NAC, male A/J mice were placed onto a diet containing 0.2% of the agent (20) . After 2 weeks they were given a single i.p. injection of urethan, at dose levels of 1000, 250 and 100 mg/kg. An equal number of animals was kept on control diet AIN-076 and given the same doses of urethan. Four months after the urethan injection, the animals were killed for lung tumor count.
For evaluation of PEITC, two protocols were adopted. In protocol 1, animals fed AIN-76A throughout received by gavage, on four consecutive days, 5 µmol PEITC dissolved in 5 ml corn oil; controls received corn oil alone. Two hours following the final gavage, all animals received 100 mg/kg NNK dissolved in 0.9% NaCl i.p. The animals were killed for tumor count 4 months later (21) . In protocol 2, half the animals were placed on AIN-76A diet containing 0.05% PEITC (4, 22) and the other half on AIN-076 with added corn oil only. Beginning 2 weeks later, the animals received four i.p. injections, at weekly intervals, of 50 mg/kg NNK. The animals were killed for tumor count 4 months after the last NNK administration.
For evaluation of the green tea regimen, animals were exposed to green tea in increasing concentrations until a final strength of 1.25% was reached 2 weeks later (19) . They then were given a total of four NNK injections (50 mg/kg i.p. per injection), one injection per week. Four months after the last NNK administration the animals were killed for tumor count.
Exposure system
The ETS exposure system was identical to that described by Teague et al. (23) and had been used before (16, 17, 24) . Briefly, mice were exposed to a mixture of 89% sidestream and 11% mainstream smoke generated from burning Kentucky 1R4F reference cigarettes. Chamber atmospheres were monitored for nicotine, CO and total suspended particulates (TSP). Details on exposure conditions are listed in Table I .
Tissue preparation
Animals were killed by pentobarbital overdose. For analysis of tumor incidence and multiplicity, the lungs were manually expanded to inspiratory volume by intratracheal instillation of Tellyesniczky's fluid and fixed for at least 24 h. The number of tumor nodules visible on the lung surface was counted.
Statistical analysis
The response of the animals to tobacco smoke exposure and to the chemopreventive agents was expressed as lung tumor multiplicity and as lung tumor incidence. For evaluation of the effects of smoke and of the chemopreventive agents, tumor multiplicities were calculated as average number of tumors per lung, including non-tumor-bearing animals. The data were analyzed using two-way analysis of variance (ANOVA) methods. The data were initially analyzed using a factorial model (smoke exposure by chemopreventive agent). When the interaction term was found to be insignificant, the term was suppressed and the analysis was re-run as a main effects model. Analyses were run alternately on the raw data or else following a square root transformation. The use of this variance-stabilizing transformation did not affect the qualitative outcomes of the analyses. Post hoc comparisons for the interactions were performed using unadjusted contrast tests (to maximize the power of these comparisons). The post hoc comparisons on the main effects were done using least square means and a Tukey-Kramer adjustment. In all analyses, statistical significance is claimed at P Ͻ 0.05.
Results
Data on chamber concentrations of nicotine, CO, TSP and particle size distribution are presented in Table I . Exposure conditions are comparable with previous studies (16, 17) . Within the first 3 days of exposure several animals fed the PEITC and NAC diets were found dead, whereas only one animal in the group fed control diet and exposed to ETS and none in the group given green tea and ETS died. Very early deaths immediately upon exposure had also been observed in a previous experiment in animals fed a diet containing 0.5% butylated hydroxytoluene (BHT) or given a single i.p. injection of 3-methylcholanthrene (MCA) (16) . A summary of these early deaths is presented in Table II and contrasted with the minimal mortality seen in animals exposed to ETS and fed control diet or given green tea in the drinking water. After this initial mortality that affected apparently only a few particularly sensitive animals, no more smoke exposure-related deaths were observed during the entire experimental period. Weight gains of the animals are reported in Table III . All animals exposed to ETS showed a slower weight gain while in smoke, but caught up to control weights~2 months after having been removed into filtered air. In animals exposed to air, NAC appeared to produce a slightly reduced weight gain when compared with the animals fed AIN-76A or PEITC. In the female mice, green tea did not influence weight gain (data not shown).
Data on the positive control experiments are presented in Tables IV and V . Two experiments were conducted to examine the effects of PEITC: one in which PEITC was given on four consecutive days by gavage, followed by a single injection of NNK; in the second experiment, PEITC was feed continuously while NNK was injected four times. In both treatment regimens, PEITC significantly reduced lung tumor multiplicity and, if given in the diet, also lung tumor incidence. Green tea, on the other hand, had no chemopreventive effect against repeated injections of NNK. NAC protected animals only against an intermediate dose of urethan (250 mg/kg), but not against 1000 or 100 mg/kg.
The data on lung tumor multiplicity and lung tumor incidence in the different treatment groups are presented in Table VI . Two-way ANOVA of the entire data set showed that exposure to ETS had a significant effect (F ϭ 16.62, P ϭ 0.0001, main effects model), i.e. consistently increased the average number of tumors per lung. Exposure to any of the chemopreventive drugs failed to show any interaction between the agents and smoke exposure (F ϭ 0.22, P ϭ 0.8792), implying that the effect of smoke exposure was comparable in all drug groups. The main effect of drug exposure was marginally significant (F ϭ 2.75, P ϭ 0.0439) and the post hoc comparisons indicated that there was a significantly elevated tumor multiplicity in the air-exposed NAC group relative to the air-exposed PEITC group (P ϭ 0.0237). All other pairwise comparisons were statistically insignificant. It was concluded that exposure to ETS produced a significant though small increase in lung tumor multiplicity in all groups, consistent with the view that in the lungs of A/J mice ETS is a comparatively weak 
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carcinogen. On the other hand, none of the chemopreventive agents tested was capable of producing a significant reduction in lung tumor multiplicities induced by ETS. Table VII summarizes the pooled data of all animals exposed to ETS and of all control animals regardless of chemopreventive treatment. It shows a small but significantly increased tumor multiplicity and incidence in smoke-exposed animals compared with background data found in mice kept in filtered air.
Discussion
The strain A/J mouse lung tumor assay is currently the most widely used animal model in the evaluation of putative chemopreventive agents against lung cancer. Exposed for 5 months to a mixture of 89% sidestream smoke and 11% mainstream smoke, followed by a 4 month recovery period in air, strain A/J mice develop an average of 1.3 lung tumors/ mouse; no difference in response between male and female mice was detected (16, 17, 25) . In concomitant control animals (12 months old when killed), average lung tumor multiplicities ranged between 0.5 and 0.8 tumors/mouse, a value consistent with historical control data from other laboratories for 1-yearold animals (26) . The model appeared, therefore, to be suitable for evaluation of the in vivo chemopreventive effects against tobacco smoke of PEITC, green tea extract and NAC. Chemoprevention of NNK-induced lung tumors in strain A/J mice has been extensively examined. Out of more than 40 compounds tested, Ͼ50% prevent NNK-induced carcinogenesis (12) . Among them is PEITC, an agent that inhibits metabolic activation of NNK and subsequent O 6 -methylguanine formation in lung DNA (27) . It is most effective if given before or concomitant with NNK (28); if given following NNK exposure, it no longer appears to have chemopreventive action (22) . We could successfully duplicate the effectiveness of NNK in our positive control experiment. Whether given by gavage according to the protocol suggested by Morse et al. (21, 29) or fed at a concentration of 0.05% in the diet, reductions in lung tumor multiplicity by almost 85% were obtained. Dietary PEITC also significantly reduced lung tumor incidence.
Less information is available on the chemopreventive action of NAC. The experimental database and possible mechanisms suggesting a beneficial effect against tobacco-induced carcinogenesis have been reviewed (30) . Some time ago it was reported that NAC, given in the diet at a concentration of 0.2%, significantly inhibited the development of lung tumors induced in Swiss albino mice by a single i.p. injection of urethan (20) . Only one dose of urethan was studied and the treatment was only effective if the mice received NAC for 2 weeks before and 16 weeks following urethan injection. In our positive control experiment, NAC had a significant effect on lung tumor development only in the animals where urethan produced an average number of 10 lung tumors, similar to a previous report (20) . At higher or lower doses, no significant effect was seen. The efficiency of NAC as a chemopreventive agent in urethan-treated mice thus remains ambiguous. The positive control experiment with green tea also yielded a negative result. Essentially, we followed the protocol of Cao et al. (19) , who found a substantial reduction in lung tumor multiplicity in strain A/J mice treated with N-nitrosodiethylamine and given decaffeinated green tea at a strength of 1.25% in the drinking water (19) . A 70% reduction in lung tumor multiplicity following NNK administration was reported by Wang et al. (31) . It is not clear why in our experiment green tea had no effect. Recently, it was reported that decaffeinated black tea extracts in one experiment inhibited but in another two experiments stimulated skin tumor development initiated by 7,12-dimethylbenz[a]anthracene and subsequently promoted with 12-O-tetradecanoylphorbol-13-acetate (32). It is possible that different teas (green or black, decaffeinated Table 1 ; values are given as number of tumor-bearing animals per total number of animals at risk (incidence) and as means Ϯ SEM (number of animals). All animals were 12-13 months old at time of sacrifice. b Significantly higher than air-exposed animals by Fisher's exact test. c Significantly higher than air-exposed animals by Welch's alternate test.
or not) or teas from different sources may vary in their chemopreventive potencies, accounting for our failure to achieve protection against NNK-induced lung tumors in strain A/J mice.
In view of some of the negative data obtained in the positive control experiments, it is difficult to interpret the results of the tobacco smoke studies. The overall analysis showed a significant effect of smoke exposure: lung tumor multiplicities were increased in all smoke-exposed animals compared with the control groups exposed to filtered air. Further analysis also showed that the effects of the chemopreventive agents were independent of smoke exposure. However, only in one instance was there a significant difference when pairwise comparisons were done: air-exposed animals fed the PEITC diet had significantly fewer tumors than had animals fed the NAC diet. In smoke-exposed animals, a suggestive PEITC effect was seen, but was not significant. This could indicate that PEITC was effective against tobacco smoke-specific nitrosamines, but that these compounds account for only a fraction of the carcinogenic potency of full tobacco. This is supported by data that show that a substantial reduction in NNK or NNN in tobacco smoke by filtering out the particulate phase does not significantly reduce ETS carcinogenicity (17) .
On the other hand, the data on green tea and on NAC showed no effect and, in the case of NAC, even a tendency toward enhanced lung tumor development was observed. The finding is somewhat difficult to reconcile with other findings made on the in vivo effects of this compound. Basically, NAC could mitigate oxidative stress, a possibly important mechanism in tobacco smoke carcinogenesis (17, 33, 34) . Some recent results provide evidence that NAC protects against tobacco smoke toxicity, although this does not necessarily imply that it will protect against tobacco smoke carcinogenicity. In rats exposed to cigarette smoke, NAC (given by gavage) diminishes abnormal accumulation of polymorphonuclear leukocytes in bronchoalveolar lavage fluid, a sign of inflammatory changes in the peripheral lung. Inflammatory changes in the bronchial and bronchiolar epithelium are also diminished and bone marrow cells show decreased signs of cytogenetic lesions (35) . NAC significantly reduces the formation of smoke-related DNA adducts in the tracheal epithelium, peripheral lung tissue and heart (36, 37) and successfully prevents adduct formation and DNA damage in the lungs of rats exposed to extracts of heavily polluted air (38) . However, should NAC have similar effects in mouse lung, it still would not prevent lung tumor development. As far as green tea is concerned, additional studies with different sources of green tea may be called for.
The failure of NAC to protect the lungs of strain A/J mice from the effects of tobacco smoke proves interesting. NAC is a drug approved for human use and is currently under study in a major chemoprevention trial (5). It will be interesting to monitor the progress and outcome of this trial. Should it be found that NAC has no inhibitory or, as with β-carotene, even an enhancing effect on human lung cancer, then the strain A/J mouse model of tobacco smoke carcinogenesis would be validated and could be recommended for additional exploratory studies on the effects of putative chemopreventive agents before their use in clinical trials. On the other hand, demonstrated chemopreventive action of NAC in humans might question the validity of the mouse lung tumor model for screening purposes.
An incidental interesting and as yet unexplained observation was the enhancement of acute tobacco smoke toxicity by NAC and PEITC. In previous experiments, enhanced toxicity was also produced by BHT and MCA. PEITC, BHT and MCA all are able to modify the activity of microsomal enzymes and/or phase II enzymes. This action may inhibit detoxification mechanisms or enhance activation of selected agents to more toxic compounds. However, tolerance appears to develop quickly, within a few days of smoke exposure, indicating no long-lasting potentially adverse effects of the chemopreventive agents. It should also be noted that none of the chemopreventive agents used, when administered over a total period of 9 months, produced a significant increase in lung tumor multiplicity in control animals. They could, therefore, be classified as having no carcinogenic potential in the strain A/J mouse lung tumor assay (26) .
In view of the fact that tobacco smoke is a very complex mixture of thousands of compounds, it may perhaps be unrealistic to expect a definitive chemopreventive effect by single compounds that act specifically on a particular class of carcinogens or that are active in only one phase of the carcinogenic process. A recent study showed that a combination of PEITC, indole-3-carbinol, 1,4-phenylenebis(methylene)-selenocyanate and 3-limonene was at least as effective as were individual compounds against NNK-induced lung tumors (39) . Future efforts designed to evaluate the effectiveness of chemopreventive agents will have to examine the effects of mixtures rather than of individual agents.
